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the Serial Development of Hepatocarcinogenesis in
an Experimental Rat Model’
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Rationale and Objectives. We used a 1.5-T MR scanner to investigate in vivo hydrogen 1 (\H) MRS to evaluate meta-
bolic changes in the hepatocarcinogenesis experimental rat model.

Materials and Methods. Hepatocellular carcinoma (HCC) was induced by diethylnitrosamine in 70 treated rats with 20 nor-
mal rats used as controls. Single-voxel 'H MRS is performed to obtained the relative choline-to-lipid (Cho/lipid) ratio. The liver
and tumor tissues are incised for the histologic examination. Based on the histologic result, the progression of hepatocarcinogen-
esis of the animal model was divided into three stages: fibrosis stage, cirrhosis stage, and HCC stage. The mean (*=SD) ratio
values are calculated and compared at various stages between the treated group and the control group.

Results. In control group, the calculated mean (*SD) Cho/lipid ratio was 0.15 % 0.05. With the progression of hepatocar-
cinogenesis, the Cho/lipid ratio increased significantly, to 0.18 = 0.05, 0.24 = 0.07, and 0.38 £ 0.19, respectively.

Conclusion. The '"H MRS is technically feasible for evaluation of the metabolic changes in the animal model. A signifi-
cant increase in choline-containing compounds level was observed in the HCC stage in the treated group.
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Hepatocellular carcinoma (HCC) is the most common
primary malignant tumor of the liver, with highest inci-
dence in Africa, Southeast Asia, and China. Worldwide, it
is thought to result in over 1 million deaths every year
and is increasing (1,2). The major risk factor for HCC is
cirrhosis. All types of cirrhosis predispose to HCC, but
the incidence is particularly high in persistent infection of
hepatitis B and hepatitis C viruses, and in alcoholic liver
disease (3-5). Hepatocellular carcinogenesis in patients
with cirrhosis is a continuum multistep de-differentiation
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process from benign regenerative nodule via dysplastic
nodule to HCC (6-38).

Orthotopic liver transplantation (OLT) is widely ac-
cepted as effective therapeutic modality for patients with
end-stage cirrhosis and HCC. It has been reported (9) that
long-term survival can be achieved with OLT in patients
with a solitary HCC of 5 cm or smaller in diameter or
tumor nodules of 3 cm or smaller in diameter. Neverthe-
less, one may not wish to perform OLT in a cirrhotic
patient if advanced HCC is present. Therefore, it is im-
portant to screen liver transplant candidates for HCC to
determine their eligibility for transplantation, especially in
light of the shortage of donor livers.

Although imaging techniques have improved during
the past two decades, screening for HCC in cirrhotic liver
is still challenging. Screening of high-risk cirrhotic pa-
tients is usually made through the use of ultrasound, high
or increasing serum levels of a-fetoprotein, computed
tomography, magnetic resonance imaging (MRI), and bi-
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opsy. In recent reports based on thin section of whole
explanted livers, the sensitivity and specificity of helical
computed tomography and MRI are still lower in detect-
ing small HCC or dysplastic nodules (10—14). The most
accurate and reliable diagnostic method of HCC is needle
biopsy of the liver. However, liver biopsy has limitations,
such as a high false-negative rate, mental discomfort of
patients, and possibility of spread of the tumor along the
needle track.

Therefore, the need for a noninvasive diagnostic
method for the early detection of HCC is critical. MRS
enables the noninvasive measurement of biochemical in-
formation and metabolic changes in vivo. In vivo 'H
MRS has been used successfully in the diagnosis of tu-
mors in the brain (15,16), prostate (17,18), and breast
(19), and the usefulness of MRS in evaluating the effec-
tiveness of chemotherapy has been reported in tumors
(20-22). In the liver, '"H MRS has been proved useful in
evaluating diffuse hepatic disease such as hepatic steato-
sis, chronic hepatitis, and cirrhosis (23,24).

MRS can be used to monitor biochemical changes that
continue to occur throughout tumor development and pro-
gression in colorectal carcinoma and in HCC (25-27).
Foley (26) found (by using a 7.0-T MR) that the lipid
components had changed in the serial development of
hepatocarcinogenesis in an experimental rat model. It
should be noted that this study used 7.0-T MR, which is
not proved to be safe for clinical research at the present.
To our knowledge, few investigations (22,27) have used a
clinical MR scanner to distinguish benign from malignant
lesions in the cirrhotic liver; uncertainties still exist and
further studies are necessary.

In our study, we sought to test the feasibility of 'H
MRS in evaluation of the biochemical information of rat
liver by use of a clinical 1.5-T MR. Furthermore, we
evaluated the metabolic changes of the serial development
of hepatocarcinogenesis in an experimental rat model.

MATERIALS AND METHODS

Animal Model

This experiment was performed in accordance with the
Guide for the Care and Use of Laboratory Animals (Na-
tional Institutes of Health publication No. 85-23, revised
1996), with the approval of the local ethical committee
for animal care and use.

The 6-week-old male Sprague-Dawley (SD) rats (n =
90) weighing 120-150 g were supplied by the Depart-

ment of Laboratory Animal Science, Peking University,
China. The animals were acclimated for 1 week and
maintained under specific pathogen-free (SPF) environ-
mental conditions with lights on from 9:00 a.m. to 9:00
p.m., temperature of 22 *= 2°C, and relative humidity of
45-60%. They were fed chow pellets and solution ad
libitum during the entire study period.

All rats were divided into two groups: 70 were used
for HCC induction with 70 mg/kg diethylnitrosamine
(DEN, 0.95 g/ml; Sigma Chemical, St. Louis, MO) intra-
gastrically once a week for 10 weeks. Twenty normal rats
were used as controls.

MRI Studies

From week 7 to week 20 after induction with by DEN,
four or five treated animals and one to three control ani-
mals were scanned randomly every week. Before imag-
ing, rats were fasted for 12 hours and then anesthetized
with 40 mg/kg pentobarbiral sodium (Nembutal; Beijing
Chemical Co., Beijing, China) intraperitoneally.

The rats were examined with a 1.5-T whole-body MR
system (Sonata; Siemens, Erlangen, Germany) with a
maximum gradient capability of 40 mT/m and maximum
slew rate of 150 T/m/s. A two-channel phased-array coil
(the coil is specially designed for rat with a diameter of
5 cm; Chen Guang Medical Science Co., Shanghai,
China) was used for all MRI. The rats were placed in the
supine position inside the coil with the liver region lo-
cated in the center of the coil and the abdomen fixed with
adhesive tape to reduce respiratory movement.

Conventional liver MR protocols were as follows: (1)
TSE (turbo spin-echo) T2-weighted axial, sagittal, and
coronal orientations (TR = 3000 ms, TE = 79 ms, a flip
angle of 150°, field of view 90 mm X 65 mm, matrix
192 X 135, slice thickness 3 mm); (2) axial orientation
FLASH-2D (fast low-angle shot) T1-weighted images
(TR = 250 ms, TE = 3.53 ms, a flip angle of 70°, field
of view 90 mm X 55 mm, matrix 192 X 135, slice thick-
ness 3 mm).

The single-voxel MRS using a water-suppressed point-
resolved spectroscopy sequence (PRESS, SVS-SE-30;
Siemens Medical Systems) was performed with TR =
1500 ms; TE = 30 ms; number of averages = 192; voxel
size = 10 mm X 10 mm X 10 mm; and 1024 data
points. The acquisition time was 4 minutes 56 seconds.
The location of the voxel of interest (VOI) was performed
by a single experienced radiologist specialized in gastro-
intestinal and hepatic MRI. Using the axial, sagittal, and
coronal T2WI images, the VOI was located in the tumor
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or obviously nodular concentrated areas. MRS was under-
taken in an area within the middle portion of the right
hepatic lobe, avoiding the large intrahepatic vessels in
control and no-nodular rats.

Histology

The animals were killed after the last set of MR stud-
ies. The liver and tumor tissues were obtained and fixed
in 4% buffered formalin. The samples were obtained at
the same position as the VOI of MRS, embedded in par-
affin. Thin sections of 5 wm were cut and stained with
hematoxylin-eosin for histologic examination.

Data Analysis

According to the histologic findings, the serial progres-
sion of hepatocarcinogenesis of the animal model was
divided into three stages: fibrosis stage (weeks 7-11),
cirrhosis stage (weeks 12—14), and HCC stage (weeks
15-20).

MRS data were analyzed using commercially available
software (Spectroscopy; Siemens Medical Systems) by a
single MR physicist who was experienced in MRS analy-
sis. The MRS data with serious baseline distortion, which
makes it very difficult to recognize the lipid resonance
and the choline-containing compounds resonance, were
excluded from our analysis. We obtained the relative cho-
line-to-lipid (Cho/lipid) ratio by dividing the peak area of
the choline-containg compounds at 3.2 ppm by the peak
area of lipid at 0.9—-1.4 ppm. The mean (£SD) ratio val-
ues were calculated at various stages of animal model and
the control group.

Data were first evaluated using one-way analysis of
variance (ANOVA), and then LSD post-hoc tests were
used to determine the different mean Cho/lipid ratio
among groups by statistical software (SPSS for Win-
dows, Version 12; SPSS Inc, Chicago, IL). A two-
tailed P-value of less than 0.05 was required for statis-
tical significance.

RESULTS

Seven treated rats died of the hemorrhage of the tumor
or overdose of anesthesia before imaging. Then the num-
ber of the rats that finished the whole experiment was 83.
In all cases, we successfully obtained 61 (73.5%, 61 of
83) eligible '"H MRS curves: 48 treated rats (11 in fibrosis
stage, 16 in cirrhosis stage, and 21 in HCC stage) and 13
control rats. The other 22 rats were excluded from analy-
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sis because of unsatisfied MRS (those with serious base-
line distortion, which makes it very difficult to recognize
the lipid resonance and the choline-containing compounds
resonance).

According to the histologic findings, in the treated rats,
histologic changes in the fibrosis stage (weeks 7-11) in-
clude local steatosis, hepatocellular vacuolation, and
bridging fibrosis between the two portal veins or between
the portal vein and the central vein in the liver. In the
cirrhosis stage (weeks 12—14), pseudolobes surrounded by
collagen fibers, which is typical for cirrhosis, were widely
observed in the liver, and numerous regenerative nodules
and fewer dysplastic foci and dysplastic nodules could be
seen in this stage. The cells of dysplastic foci or dysplas-
tic nodules are usually different from those of adjacent
hepatocytes with respect to cytoplasmic staining, nuclear
size, or degree of nuclear atypia. Nuclei may be normal
in size or large and hyperchromatic. There is a spectrum
of nuclear atypia from minimal to severe. The cytoplas-
mic contents of fat may be more or less than the sur-
rounding liver. The nuclear-cytoplasmic ratio is normal or
slightly increased, and the liver plates are one or two
cells wide or more than two cells wide. A nodule-in-nod-
ule pattern may be seen when small dysplastic nodules
are present within the cirrhotic nodule. The prominent
changes after 15 weeks in the treated rats were the gene-
sis of HCC, which is more prominent after 16 weeks.
Small foci of HCC also could be seen arising within dys-
plastic nodules. Both necrosis and hemorrhage are com-
mon in advanced tumors. There was normal architecture
of hepatic lobule in the control rats liver.

The large peak at '"H MRS occurred at 0.9-1.4 ppm,
where the chemical shift of the lipid occurs; another peak
was choline-containing compounds at 3.2 ppm. In control
group, the calculated mean (*=SD) Cho/lipid ratio was
0.15 = 0.05. With hepatocarcinogenesis progress of the
animal model, the Cho/lipid ratio increased significantly
(Fig. 1); the ratios at the fibrosis stage, cirrhosis stage, and
HCC stage were 0.18 = 0.05, 0.24 = 0.07, and 0.38 =
0.19, respectively (Fig. 2). There was a statistically signif-
icant difference between fibrosis stage with HCC stage (P
< .05), between cirrhosis stage with HCC stage (P <
.05), between cirrhosis stage with the control group (P <
.05), and between HCC stage and the control group (P <
.05). However, there was no significant difference either
between the control group and the treated group at the
fibrosis stage (P > .05) or between the fibrosis stage and
the cirrhosis stage (P > .05).
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Figure 1. A-D, T2WI axial, sagittal, and coronal images as references and MRS curves. The 'H MRS of the liver showed that lipid
compounds peak at 0.9-1.4 ppm and Cho (choline-containing compounds) peak at 3.2 ppm. With the progression of the animal model,
the Cho/lipid ratio increased significantly. A, Control rat. B, Fibrosis stage rat. C, Cirrhosis stage rat. D, HCC stage rat; the location of
the voxel in the tumor, which was pathologically proved to be an HCC.

At present, 'H MR spectroscopy at liver is still chal-
lenging. Physiologic motion due to respiratory motion and
cardiac movement may increase background noise and
further hinder the detection of small amounts of metabo-
lites within the liver, especially when the VOI is located
in the left hepatic lobe or extreme end of the right hepatic
lobe. In our study, the 'H MR spectrum of the liver dem-
onstrates the lipid peak at 0.9—1.4 ppm and choline-con-
taining compounds peak at 3.2 ppm. The 'H MRS is tech-
nically feasible for evaluation of the metabolic changes in

the experimental rat model. Of the MRS curves, 73.5%
(61 of 83) was considered technically satisfactory and
eligible for calculating the Cho/lipid ratio. In the HCC
stage of the treated rats, there is apparent hepatomegaly
and the liver can occupy the majority of the abdomen,
which could help the localization of VOI and increase the
signal-to-noise ratio to some degree. Incorporating the
experience of Zhao and colleagues (27), we use appropri-
ate deeper anesthesia to control the respiration and obtain
the satisfactory results at last.

At '"H MR spectroscopy, the choline-containing com-
pounds (resonance at 3.2 ppm) include choline, phospho-
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Figure 2. Graph illustrates the Cho/lipid ratio at control group
and the various stages of the rat model. Significant values among
the groups for the Cho/lipid ratio: control vs. fibrosis stage (P =
0.512); fibrosis stage vs. cirrhosis stage (P = 0.215); control vs.
cirrhosis stage (P = 0.046); control vs. HCC stage (P < 0.001);
fibrosis stage vs. HCC stage (P < 0.001); cirrhosis stage vs. HCC
stage (P = 0.001)

choline, glycerophosphocholine, and taurine (28,29). At
the magnetic field strengths of 1.5 T, these multiple reso-
nances appear as a single peak and cannot be distinguished.
Choline and its derivatives are thought to represent impor-
tant constituents in the phospholipid metabolism of cell
membranes (30). Elevation of the choline peak is thought to
represent increased membrane phospholipid biosynthesis;
therefore, it could be used as an active marker for cellular
proliferation that occurs with the evolution and progression
of malignant tumors (30-33).

Previous research (34-36) has indicated that in vivo
'H MRS can be used to differentiating malignant lesions
from benign lesions based on quantitative measurement of
choline-containing compounds (Cho). Tumors after che-
motherapy show a decreased choline level (20,22). In our
study, the histologic features of this DEN-induced animal
model simulate the progression of hepatocarcinogenesis in
human cirrhotic liver and are a result of sequential steps
from regenerative nodules via dysplastic nodules (37). In
the HCC stage of the treated rats, the Cho/lipid ratio in-
creased significantly compared with the control group, the
fibrosis stage, and the cirrhosis stage. This phenomenon
may reflect the increased cellular proliferation and cell
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density with the hepatocarcinogenesis. Our study also
showed that a choline resonance was present in normal
liver, which was similar to the study of Lim (28). How-
ever, the mean concentration was relatively low owing to
the lower cell turnover in normal liver.

Cho and colleagues (24) found 'H MRS was useful in
grading the severity of fibrosis in chronic hepatitis. How-
ever, in our study, although the Cho/lipid ratio increased
from the cirrhosis stage to the fibrosis stage, there is no
statistically significant difference between these two
stages. Considering that there was an overlap in the distri-
bution of ratios between these two stages and that MRS
detects biochemical rather than structural changes, this
finding was reasonable, since cirrhotic liver and fibrosis
tissue has not lost its functionality in some degree. An-
other explanation for our result is that the speed of the
hepatocarcinogenesis was very fast and this process pro-
duces a continuous spectrum of abnormality, so there are
overlaps in histologic characteristics in these two stages.
That is why we cannot obtain a statistically significant
difference between them.

Our study had some limitations. One of the major limi-
tations is a relatively large, single voxel size of 10 mm X
10 mm X 10 mm that we used. With the hepatocarcino-
genesis progress of the animal model, the dysplastic nod-
ules and HCC nodules were usually smaller than the
voxel; the VOI of MRS contains not only nodules but
also the peripheral relatively normal tissue. In addition,
we could not precisely distinguish the necrotic and hem-
orrhage part from the viable one in HCC; contamination
error therefore cannot avoided. Although we observe that
in the HCC stage of the animal model, the choline levels
increase significantly, the results cannot be used to screen
HCC in a high-risk population of cirrhosis. Despite its
limitation, this research suggests that further studies with
a larger number of patients are still essential to resolve
the problem.

There is another limitation in this study. Because the
lack of external reference, we used lipid as internal refer-
ence to quantify the choline-containing compounds with
the ratio method. However, the lipid varies in different
pathologies: Foley and colleagues (26) found that the in-
tegral of the lipid increased significantly in the early pe-
riod of treated groups and then dropped to the same level
as controls in a long-term HCC animal model induced by
DEN. Similarly, Zhao (27) found the lipid level to be
changed in different periods of a short-term DEN-induced
rat model. Therefore, to prevent the influence of lipid
changed in different pathologies, the external reference
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will be necessary for further MRS studies to demonstrate
the actual change in the metabolites.

In conclusion, the '"H MRS is noninvasive and techni-
cally feasible for evaluating the metabolic changes of the
serial development of hepatocarcinogenesis in the experi-
mental HCC rat model. A significant increase in choline-
containing compound level was seen in the HCC stage in
the treated group. The in vivo 'H MRS may have a po-
tential capability in screening for HCC among the high-
risk group of cirrhosis patients.
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